Introduction
============

Coronary CT angiography (CTA) has become an accurate and beneficial imaging modality for the non-invasive detection of coronary artery disease (CAD) ([@b1-etm-0-0-6158],[@b2-etm-0-0-6158]). With the increasing number of coronary CTAs performed, concerns regarding the exposure of patients to ionizing radiation have also increased ([@b3-etm-0-0-6158]). Numerous techniques to reduce the radiation dose by using hardware and certain acquisition protocols have been developed (4--10).

An automatic software algorithm, known as automatic tube potential selection with tube current modulation (APSCM; Siemens Healthcare, Munich, Germany), has been developed and used in coronary CTA. Tube potentials and currents are selected according to patients\' anatomy and attenuation information from the initial CT topogram ([@b11-etm-0-0-6158],[@b12-etm-0-0-6158]). Based on the topographic image, the software calculates the total tissue attenuation along the z-axis of the patient, and calculates the tube current that would be required for each of the tube potential settings on the basis of the user-defined examination type, image quality and noise preferences. The system then determines the optimal combination of tube potential and tube current to produce the desired image quality at the lowest dose per patient (in terms of volume CT dose index), and these settings are used to scan the patient. Lower tube potentials tend to apply in APSCM. A previous study reported that the use of APSCM for coronary CTA significantly reduced the radiation dose, compared with that applied in the method of tube potential modulation according to the body mass index (BMI), while maintaining the subjective image quality ([@b13-etm-0-0-6158]). However, a low tube voltage is accompanied with a higher image noise due to the lower X-ray beam penetration capability, particularly in obese patients. A persistent question is whether, after automatically selecting the tube potential and current, a consistent image quality may be achieved among various individuals. Thus far, only few studies have investigated the effect of this automatic software algorithm on the consistency of image quality ([@b13-etm-0-0-6158]).

The purpose of the present study was to investigate the influence of the body weight (BW) and BMI on the consistency of image quality in patients undergoing coronary CTA using the APSCM method.

Materials and methods
=====================

### Patients

In February 2015, a total of 120 patients with suspected CAD who were referred to the Department of Radiology of the First Affiliated Hospital of Nanjing Medical University (Nanjing, China) for coronary CTA were enrolled in this prospective study. The indications were patients with chest pain suspected of having a low-to-intermediate risk of coronary lesions, which was in accordance with current guidelines and recommendations ([@b2-etm-0-0-6158]). Exclusion criteria were as follows: Impaired renal function (n=3), known hypersensitivity to iodinated contrast material (n=2) and patients with arrhythmias (n=4). A total of 111 patients (51 women and 60 men; mean age, 57.3±10.8 years, median age, 57 years; range, 32--84 years) with a mean BMI of 24.7±3.1 kg/m^2^ (range, 17.9--36.9 kg/m^2^) were enrolled in the present study. The institutional Review Board of the First Affiliated Hospital of Nanjing Medical University (Nanjing, China) approved the present study and informed consent was obtained from all patients.

### Scan protocol

All examinations were performed using a first-generation Dual Source CT Scanner (Somatom^®^ Definition; Siemens Healthcare). All CT scans were completed in a retrospective electrocardiogram-triggered manner. Scanning parameters were as follows: Detector collimation, 2×32×0.6 mm; slice collimation, 2×64×0.6 mm by means of a z-flying focal spot; gantry rotation time, 330 msec; heart-rate adapted pitch, 0.20--0.42. β-receptor antagonists were administered when the heart rate was \>90 bpm. APSCM, a commercially available automated software algorithm (Care kV and CAREDose 4D; Siemens Healthcare), was applied for the selection of tube parameters. The Care kV type setting was maintained in the 'angiography' position for all patients indicating a robust performance for CTA. A slice thickness of 0.75 mm with an increment of 0.5 mm and medium soft-tissue reconstruction kernels by a filtered back projection (FBP) algorithm were used for the reconstruction of transverse images of the best diastolic and systolic phases.

High-concentration contrast material (Ultravist, iopromide 370 mg I/ml; Bayer Healthcare, Berlin, Germany) followed by saline was administered with a dual-head power injector (Dual Shot; Med Rad Inc., Indianola, PA, USA) via a 20-G needle, preferably inserted into the right cubital vein. The contrast material dosage during coronary CTA was calculated according to the BW and BMI using various coefficients, with the injection rate determined as the dosage divided by the scan time plus 8 sec ([@b14-etm-0-0-6158],[@b15-etm-0-0-6158]). For all patients, the scan delay times were determined by the test bolus technique with fixed tube parameters (100 kV, 45 mAs) and a fixed contrast protocol (20 ml contrast material at a flow rate of 4 ml/sec).

### Objective image quality

For objective image quality analysis, image noise and mean CT attenuations of the ascending aorta (AA), descending aorta (DA) and proximal coronary arteries, including left main (LM), right coronary artery (RCA), left anterior descending artery (LAD) and left circumflex artery (LCX), were measured preferably at the best diastolic phase. The image noise was defined as the standard deviation of CT attenuation in a defined region of interest (ROI). ROIs of the AA were placed cranial to the left coronary ostium. ROIs of the DA were placed at the middle of the left ventricle. The ROIs were drawn to be as large as possible, which included \~75% of lumen areas, with the exclusion of all plaques. To define the contrast-to-noise ratio (CNR), CT attenuation of the perivascular fat tissue was also measured. The signal-to-noise ratio (SNR) and CNR were calculated according to methods published in previous studies ([@b16-etm-0-0-6158],[@b17-etm-0-0-6158]).

### Subjective image quality

Two experienced cardiovascular radiologists (one with 9 years and the other with 1 year of experience in coronary CTA) independently evaluated the subjective image quality of CTA images of coronary arteries. A total of 15 segments of coronary arteries were identified based on the established American Heart Association criteria ([@b18-etm-0-0-6158]). The subjective image quality was assessed by grading it on a 4-point Likert scale: 4, excellent image quality, defined as complete absence of motion artifacts, clear delineation of vessel wall with the ability to access luminal stenosis as well as plaque characteristics; 3, acceptable image quality, not compromising diagnostic vessel assessment; 2, reduced image quality due to motion, noise or low contrast, but still sufficient to rule out significant stenosis; 1, non-diagnostic image quality ([@b19-etm-0-0-6158]). In cases of a lack of conformity between the two radiologists regarding the image assessment, consensus was reached by discussion.

### Statistical analysis

Statistical analysis was performed using commercially available statistical software (SPSS v.13.0; SPSS, Inc., Chicago, IL, USA). Continuous variables are presented as the mean ± standard deviation. A simple linear regression model was used to investigate the influences of BW and BMI on the image noise, CNR and SNR. All patients were divided into two subgroups based on their BMI (BMI ≤25 or \>25 kg/m^2^). Averages of the image noise, CNR and SNR of each of the two subgroups were compared using an independent Samples t-test. Nonparametric data were evaluated with the Mann-Whitney-U test. The inter-observer variability for subjective image quality scoring was determined by using linear weighted Cohen\'s kappa statistics. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Patient characteristics and scan parameters

A total of 111 patients (60 male, 51 female; age range, 32--84 years; mean age, 57.3 years; BMI range 17.9--36.9, mean BMI 24.7 kg/m^2^) received CT examinations. One patient was selected 120 kV using APSCM. Patient characteristics and coronary CTA parameters are summarized in [Table I](#tI-etm-0-0-6158){ref-type="table"}.

### Objective image quality

*Correlations between BW and the image noise, SNR and CNR*. A moderate positive correlation was identified for the BW against Noise~AA~ (r=0.453, P\<0.001) and Noise~DA~ (r=0.473, P\<0.001). In addition, a weakly positive correlation was noted between BW and the image noise of all coronary arteries, except for the RCA (Noise~LM~: r=0.279, P=0.003; Noise~LAD~: r=0.288, P=0.002; Noise~LCX~: r=0.296, P=0.002). A scattergram depicting the association between BW and Noise~DA~ is presented in [Fig. 1](#f1-etm-0-0-6158){ref-type="fig"}. These results indicated that the image noise in the coronary CTA image increases with the BW when using the APSCM method. The CNR and SNR of the AA, DA, LM, LAD and LCX decreased with increasing BW.

### Correlation between BMI and image noise, CNR and SNR

A moderate, positive correlation was recorded between BMI and the image noise ([Fig. 1](#f1-etm-0-0-6158){ref-type="fig"}), and moderate, negative correlations were identified between BMI, and the CNR and SNR ([Fig. 2](#f2-etm-0-0-6158){ref-type="fig"}), indicating that the objective image quality was reduced in heavier patients. The coefficients for the associations between BW, BMI and image noise, SNR, CNR of the AA and DA from linear regression analysis are listed in [Table II](#tII-etm-0-0-6158){ref-type="table"}.

### Comparison of image noise, CNR and SNR between groups subcategorized by BMI

Image noise, CNR and SNR of the AA and DA among all patients subcategorized by BMI were compared and are summarized in [Table III](#tIII-etm-0-0-6158){ref-type="table"} and [Fig. 3](#f3-etm-0-0-6158){ref-type="fig"}. A significant difference in image noise, SNR and CNR was identified between the two subgroups. For patients with a BMI of \>25 kg/m^2^, the Noise~AA~ was higher than that for patients with a BMI of ≤25 kg/m^2^ (33.1±6.9 vs. 27.8±4.0 HU, P\<0.05), but the CNR and SNR of the AA were lower (CNR: 16.1±3.7 vs. 18.9±4.3, P\<0.05; SNR: 13.6±3.2 vs. 16.0±3.8, P\<0.05). Similarly, the Noise~DA~ of the subgroup with a larger BMI was higher than that of the subgroup with a smaller BMI (35.9±6.1 vs. 29.8±6.5 HU, P\<0.05), while the CNR and SNR of the larger BMI subgroup were lower (CNR: 14.2±3.3 vs. 17.2±4.1, P\<0.05; SNR: 11.9±2.8 vs. 14.4±3.5, P\<0.05).

### Subjective image quality

A total of 1,415 coronary artery segments were evaluated. An inter-observer agreement regarding subjective image quality was substantial (kappa=0.761). The number of segments with scores of 2--4, considered to be diagnostic segments, was 1,413 (99.85%). The subjective image quality was further compared in the two subgroups with different BMIs. Among the 777 segments of the smaller BMI group, 585 segments (75.29%) were scored as 4, with excellent subjective image quality. Among the 638 segments in the larger BMI group, 453 segments (71.00%) were scored as 4. Patients with a BMI of ≤25 kg/m^2^ had more coronary artery segments scored as excellent compared with patients with a BMI of \>25 kg/m^2^ (P=0.02; [Table IV](#tIV-etm-0-0-6158){ref-type="table"}).

Discussion
==========

The present study indicated that the application of APSCM in coronary CTA maintains a subjective image quality, but that it cannot achieve uniform image quality among various individuals. The image noise, SNR and CNR were still correlated with the BW and BMI. Although the larger BMI group demonstrated a comparable subjective image quality to that in the smaller BMI group, the objective image quality was degraded.

APSCM assigns the optimal tube current and tube potential automatically for each patient depending on the type of study performed, the body region that is being imaged, and the patient\'s body habitus. It was considered that certain basic patient-specific information, including the BW and BMI, should be contributing factors in the selection of scanning parameters. In several studies, a lower tube potential (80 or 100 kV) was automatically selected for \>90% patients in the APSCM group. In addition, 80 kV was selected in a small part of the cohort ([@b11-etm-0-0-6158],[@b12-etm-0-0-6158]). In the present study, 100 kV was selected for all of the patients except one, although the BMI ranged from 17.9--36.9 kg/m^2^. Patients with a BMI of ≤25 kg/m^2^ accounted for \~55% of this consecutive cohort. The objective image quality, including image noise, SNR and CNR, was not consistent between individuals. The results indicated that low tube potentials tended to be more frequently selected with APSCM for radiation dose reduction. In general, the radiation dose is proportional to the tube current and the square of the tube potential. Consequently, lowering the tube voltage is one of the most effective dose reduction techniques. For coronary CTA scans, a low tube voltage increases the attenuation of iodinated contrast agents, which maintains the contrast between the vessel lumen and surrounding structures.

The complex associations among tube parameters, radiation dose and image quality render it problematic for radiographers to simultaneously achieve a consistent image quality between various individuals and the lowest possible dose of radiation. Various strategies have been implemented for coronary CTA in medical centers. Lu *et al* ([@b20-etm-0-0-6158]) demonstrated that measurement of the chest circumference may be used to adapt the tube voltage and current for individualized dose control with sustained diagnostic image quality. Suh *et al* ([@b12-etm-0-0-6158]) combined APSCM and sonogram-affirmed iterative reconstruction (IR) for coronary CTA. They noted that these methods significantly improve the objective image quality with a reduced radiation dose. However, they also demonstrated that no superior objective image quality could be achieved before IR was used. When the FBP algorithm was applied, increased image noise, and decreased CNR and SNR were observed in the APSCM group, compared with the standard dose coronary CTA.

In the subgroup analyses performed in the present study, it was also determined that the image noise in the BMI \>25 kg/m^2^ group was significantly higher than that in the BMI ≤25 kg/m^2^ group, while the CNR and SNR were lower. A previous study suggested that a higher tube current may be selected to overcome the increased image noise ([@b21-etm-0-0-6158]). However, a low kV cannot be used in all patients, as the tube current has limitations, and in patients with a high BMI and/or BW, the proper tube current cannot be emitted in a low-kV setting. In the present study, the objective image quality deteriorated in heavier patients. Numerous studies have indicated that advanced modeled iterative reconstruction may be used to decrease image noise ([@b22-etm-0-0-6158],[@b23-etm-0-0-6158]). IR entails fewer assumptions regarding noise distribution with an image, and operates with an iterative process of mathematical and statistical modeling to reduce image noise. When image noise is increased in the low-kV potential, IR is an effective method to compensate for image impairment. According to our experience, the use of APSCM combined with IR for coronary CTA allows for a reduction in radiation dose whilst maintaining the image quality. However, in the present study, only the FBP algorithm with the first-generation Dual Source CT Scanner was used.

The optimal image noise, SNR and CNR for diagnostic accuracy in coronary CTA were not fully determined in the present study. Different levels of image noise have been reported with distinct protocols. Shen *et al* ([@b24-etm-0-0-6158]) maintained the image noise at the target value of 35 HU using the noise-based tube current reduction method with IR; the SNR of the image was \~12. According to the subjective 4-point scale evaluation, all images were accepted for diagnosis in their study. In another study, an image with a higher image noise and SNR (image noise, 40 HU; SNR, 14) in the APSCM group was also accepted as being of diagnostic image quality ([@b12-etm-0-0-6158]). In the present study, the image noise of the AA was 33.1±6.9 and 27.8±4.0 HU in the BMI \>25 kg/m^2^ and BMI ≤25 kg/m^2^ subgroups, respectively, while the subjective image quality was not significantly different between these two subgroups. One possible explanation was that the subjective image quality was affected by several factors, including heart rate, image noise, contrast attenuation and calcification on the vessel walls.

Subjective image quality was assessed according to the physicians\' experience and knowledge in coronary CTA. The absolute CNR and SNR are sufficiently high in coronary CTA, and thus, increased image noise does not affect the subjective judgment of images from the larger BMI subgroup. Although the subjective image quality of the majority of arteries met the requirement for clinical diagnosis in the present study, it was considered that the deteriorated objective image quality in the larger BMI subgroup may affect the detection of non-calcified plaques, particularly by less experienced physicians.

The present study had several limitations. First, the diagnostic accuracy was not evaluated, as only a small number of patients underwent invasive coronary angiography. Furthermore, instead of IR, only the FBP algorithm was applied due to the scanner\'s limitation. As is known, more advanced iterative techniques further improve the image quality with substantially decreased image noise. In addition, the objective image quality was evaluated for coronary arteries and aorta; however, the objective image quality of coronary arteries was slightly or not linearly correlated with the BW and BMI. It appears that the objective image quality of the aorta is better than that of parameters of coronary arteries due to the deviation arising from measurement. Finally, the software was only applied in a relatively small number of patients, and 100 kV was selected in the majority of them. Therefore, the objective parameters cannot be entirely matched to all possible determinants in different individuals.

In conclusion, the APSCM method in coronary CTA is not able to achieve consistent objective image quality across the entire patient population. The impact of the BW and BMI on objective image quality was not completely eliminated by APSCM. Greater image noise, and reduced CNR and SNR were recorded in patients with larger BMIs. Clinically, BMI-based adjustment of the tube potential may achieve a better, consistent image quality compared to automatic tube potential selection, particularly in patients with a larger body habitus. Combined with IR, this may resolve the inconsistency in objective image quality of coronary CTA among various individuals to a certain extent.
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![Correlation between BW, BMI and image noise of DA. The scattergrams depict a positive correlation between BW, BMI and image noise of DA. DA, descending aorta; BW, body weight; BMI, body mass index.](etm-16-01-0253-g00){#f1-etm-0-0-6158}
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###### 

Patient characteristics and coronary CTA parameters.

  Characteristic            Value
  ------------------------- ----------------
  Age (years)               57.3±10.8
  Male sex                  60 (54.0)
  Height (cm)               165±9
  Body weight (kg)          67.9±11.3
  BMI (kg/m^2^)             24.7±3.1
  Heart rate (beats/min)    71.3±10.2
  Tube potential (kV)       
    100                     110 (99.1)
    120                     1 (0.9)
  Tube current time (mAs)   228 (180--315)
  CTDI (mGy)                25.7±4.8
  DLP (mGy × cm)            370.7±71.7

Values are expressed as the mean ± standard deviation, median (range) or n (%). BMI, body mass index; CTDI, computed tomography dose index; DLP, dose length product.

###### 

Statistical results on objective image quality.

                           BW      BMI               
  ------------- ---------- ------- --------- ------- ---------
  Noise of AA   30.2±6.1   0.453   \<0.001   0.545   \<0.001
  CNR of AA     17.6±4.3   0.360   \<0.001   0.357   \<0.001
  SNR of AA     14.9±3.7   0.362   \<0.001   0.352   \<0.001
  Noise of DA   32.5±7.0   0.473   \<0.001   0.566   \<0.001
  CNR of DA     15.8±4.0   0.439   \<0.001   0.434   \<0.001
  SNR of DA     13.3±3.4   0.446   \<0.001   0.432   \<0.001

Values are expressed as the mean ± standard deviation. BMI, body mass index; CNR, contrast-to-noise ratio; SNR, signal-to-noise ratio; DA, descending aorta; AA, ascending aorta.

###### 

Noise, CNR and SNR of DA and AA in the two subgroups.

  Variable      BMI ≤25 kg/m^2^   BMI \>25 kg/m^2^   P-value
  ------------- ----------------- ------------------ ---------
  Noise of AA   27.8±4.0          33.1±6.9           \<0.001
  CNR of AA     18.9±4.3          16.1±3.7           \<0.001
  SNR of AA     16.0±3.8          13.6±3.2           \<0.050
  Noise of DA   29.8±6.5          35.9±6.1           \<0.001
  CNR of DA     17.2±4.1          14.2±3.3           \<0.001
  SNR of DA     14.4±3.5          11.9±2.8           \<0.001

Values are expressed as the mean ± standard deviation. BMI, body mass index; CNR, contrast-to-noise ratio; SNR, signal-to-noise ratio; DA, descending aorta; AA, ascending aorta.

###### 

Subjective image quality between the two subgroups.

  Image quality score   BMI ≤25 kg/m^2^   BMI \>25 kg/m^2^   P-value
  --------------------- ----------------- ------------------ ---------
  1--3                  192 (24.7)        185 (29.0)         0.02
  4                     585 (75.3)        453 (71.0)         

Values are expressed as n~segments~ (%). BMI, body mass index.
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